The main objective of this study was to investigate two predictions of sexual selection theory concerning interspecific variation in testis size among strepsirhine primates (Lemuriformes and Lorisiformes). First, the unique evolutionary history of lemurs provides an opportunity for an independent test of the predictions of sperm competition theory regarding die relationship between mating system and relative testis size. Second, I examined the evolutionary relationship between the morphological correlates of pre-and postcopulatory competition (Le., between sexual dimorphism and testis size) because polygamous lemurs, in contrast to other polygamous primates, lack sexual dimorphism. Based on measurements from 174 captive strepsirhines from 24 species, I found that multi-male species had significantly larger testes than pair-Irving ones, but that they did not differ significantly from solitary species. This result deviates from theoretical expectations, but may be the result of yet-unknown heterogeneity in mechanisms of male-male competition in both multi-male and solitary species. There was no difference in relative testis size between nonmonogamous lemurs and lorises, indicating that presumably lower levels of precopulatory competition are not necessarily compensated by more intense sperm competition. Body size and phylogenetic effects were also found to considerably affect interspecific variability in testis size. Analyses of independent contrasts revealed that evolutionary changes in mating system, testis size, sexual size, and canine dimorphism were not, or only weakly, associated in this monophyletic group of primates. Additional comprehensive comparative studies of sexual dimorphism, testis size, mating system, and copulatory behavior in these and other taxa are indicated to illuminate general patterns and causes of covariation among these traits. Kty words: mating system, primates, sexual dimorphism, sexual selection, sperm competition, testis. , 1993) . Single-male species were found to exhibit pronounced sexual dimorphism and relatively small testes, presumably because single males defend groups of females and monopolize mating access. These species are poh/gynous because males mates with several females, although females each mate with only one male (Krebs and Davies, 1993). In multi-male groups, sexual dimorphism was less pronounced, but testes were relatively large because single males cannot monopolize groups of females or mating*. Mating in these species is promiscuous because both males and females mate several times with different individuals (Krebs and Davios, 1993). In pabJiving species, sexual dimorphism is reduced, and testes are relatively small because each male typically defends and mates with only a single female (i.e., they have a monogamous mating system). These morphological consequences of different mating systems were subsequently confirmed in comparative studies of other groups of mammals Downloaded from https://academic.oup.com/beheco/article-abstract/8
. In this report, I examine interspecific variation in testis size and covariation among three sexually selected traits in strepsirhine primates to test these predictions of sexual selection theory.
Strepsirhine primates, which include the lemurs of Madagascar (Lemuriformes) and the African and Asian Ionises and bush babies (Lorisiformes), are ideally suited for a comparative study because they form a monophyletic group (Beard et al., 1988 ) and exhibit great variability in their mating systems (Bearder, 1987; Richard, 1987; Richard and Dewar. 1991 ) and sexual dimorphism in body and canine size (Kappeler, 1991 (Kappeler, , 1996 . The Lemuriformes are of particular interest in this respect because they differ from the expected mammalian pattern in that sexual size dimorphism is lacking or reversed in favor of females in many species, even though they have a polygamous mating system (Godfrey et aL, 1993; Kappeler, 1990a Kappeler, , 1991 . Furthermore, sexual canine dimorphism is present in some lemurs, but its distribution across species is unrelated to their inferred mating system (Gingerich and Ryan, 1979; Kappeler, 1993b Kappeler, , 1996 . Finally, many lemur species are characterized by female social dominance (Jolly, 1984; Kappeler, 1993a; Richard, 1987) and extremely seasonal reproduction (Pereira, 1991 ; van Hom and Eaton, 1979), both of which ought to influence male mating strategies (Kappeler, 1993b; Richard, 1992 ; van Schaik and Kappeler, 1993).
One possible explanation for this paradoxical combination of morphological and behavioral traits is that variance in male reproductive success in nonmonogamous lemurs is primarty affected by postcopulatory competition. Pronounced seasonal reproduction (Hrdy and Whitten, 1987; Sterling, 1994) and polygamous mating patterns, especially in multi-male species (Brockman, 1994; Jolly, 1967; Morland, 1993; Richard, 1992; Sauther, 1991) , suggest that the opportunity for sperm competition may be widespread among lemurs. However, data on strepsirhine testis size were hitherto either not available or insufficient for comparative analyses (Glander et al. Here I examine two predictions of sexual selection theory for the effects of different mating systems on relative testis size in strepsirhine primates. First, species with promiscuous mating systems should have relatively larger testes than those with polygynous mating systems because females of multi-male groups are mating with more males than are females of singlemale spedes. This is a fundamental prediction of sperm competition theory. Because the Malagasy primate radiation evolved in isolation from the African mainland (Tattersall, 1982) , lemurs provide an excellent opportunity for independent tests of such evolutionary hypotheses (Kappeler and Ganzhom, 1994) .
Second, nonmonogamous lemurs should have relatively larger testes than other strepsirhines with comparable mating systems. This prediction is based on the observation that most Lorisiformes exhibit the expected pattern of sexual dimorphism in body and canine size (Kappeler, 1991 (Kappeler, , 1996 ; Kieser and Groeneveld, 1990), indicating a substantial investment in precopulatory competitor!. This prediction is also based on the assumption that males' relative investments in pre-and postcopulatory competition are negatively correlated, so that males in sexually monomorphic spedes are expected to invest primarily in postcopulatory competition and vice versa. If confirmed, sperm competition would contribute substantially to the explanation of sexual monomorphism among nonmonogamous lemurs.
Finally, I examine the operation of intrasexual selection independent of allometric and phylogenetic effects by analyzing the relationship between evolutionary changes in sexual dimorphism and relative testis size. Evolutionary changes in sexual size and canine dimorphism should be positively correlated with each other because both are thought to reflect the intensity of precopulatory competition. Directional predictions about the relationship between evolutionary changes in testis size and sexual dimorphism are not possible, however, because the changes in testis size are contingent upon the mating system. For example, an evolutionary increase in sexual dimorphism may occur because of three possible transitions in the mating system: from monogamous to promiscuous, from promiscuous to polygynous, or from monogamous to polygynous. In polygynous mating systems, males copulate with several females, but females only with one male, whereas in promiscuous systems females also mate with several males. In the first case, one would therefore expect a corresponding increase in testis size, in the second case a reduction, and in the third case no change. To obtain the information necessary to interpret evolutionary changes in testis size and sexual dimorphism, I also performed a phylogenetic reconstruction of strepsirhine mating systems.
METHODS

Subject! and definition
I measured the greatest length and width of both testes of 174 strepsirhine males at the Duke University Primate Center (DUPC), Durham, North Carolina, USA, with hand-held, sliding calipers to obtain estimates of testis size in 24 spedes. These measurement* were recorded during each spedes' breeding season, as determined by observations of mating behavior and/or vaginal smears from females housed with the male subjects. I averaged the four measurements from each individual to calculate the volume of a spherical ellipsoid, which provides an estimate of average testis volume. These values were then averaged across all individuals of a spedes. I induded in the analyses only spedes for which measurements from at least three males were available, thereby reducing the final sample to 11 lemur and 7 loru spedes. Whenever measurements from several subspedes were available, the one with the largest sample size was used to represent a spedes. The body mass of each male was recorded immediately after the testis measurements and averaged for each spedes. Both variables were log-transformed for the subsequent analyses.
Estimates of sexual dimorphism in body and canine size were based on measurements of adult male and female body mass and maxillary canine height (measured from the cemento-enamel junction to the tip of the tooth) of 758 and 924 individuals, respectively. The degree of sexual dimorphism was determined as the ratio of male and female means. It was not necessary to express dimorphism through residuals (cf. Ranta et aL, 1994) because male and female size scale isometrically across spedes (Kappeler PM, unpublished data). For more details on the sexual dimorphism samples, see Kappeler (1991 Kappeler ( ,1996 . All strepsirhines for which information on at least one variable was available were induded in the analyses below. Because genetic data on strepsirhine mating systems are still lacking and the mating system of some spedes is difficult to classify (Richard, 1985) , I based the present classification primarily on known spacing systems. 
Data analysis
I used analysis of covariance, followed by calculation of Gabriel's 95% post hoc comparison intervals, to examine whether significant heterogeneity in testis size among species remained after controlling for the effects of body size. I compared relative testis size between species with different spacing systems using ANCOVA, or ANOVA of residuals from a leastsquares regression whenever die assumptions of ANCOVA were not met. All tests were two-tailed and follow Sokal and Rohlf (1981) . Results of these traditonal interspecific analyses are presented to identify trends that need to be verified once complete phylogenetic tests of these hypotheses are possible (see below).
Because two characters may be associated across species due to common descent, rather than due to independent evolution, species values in quantitative comparative studies are not statistically independent (Harvey and Pagel, 1991). Felsenstein (1985) pointed out that differences between sister taxa represent evolutionarily independent events that can be used in comparative studies to examine whether evolutionary change has been correlated between two or more traits. It is also possible to estimate values for ancestral nodes from known species values by calculating standardized linear contrasts, which represent weighted sums of all lower taxa values that converge at a particular node. The weight* used to calculate the contrasts add up to zero, and the linear contrasts are standardized by dividing each contrast by ia expected standard deviation (Grafen, 1989; Harvey and Purvis, 1991; Purvis and Rambaut, 1994) .
I used Grafen's method without specifying branch lengths to calculate phyiogeneticaHy independent contrasts for testis size, sexual size dimorphism, and sexual canine dimorphism, using software written by Purvis and Rambaut (1994) . Because branch lengths are unknown, I estimated the relative length of each branch, assuming that the ages of taxa are proportional to the number of species they contain (Grafen, 1989), (Table 1) with the same or a different reconstructed spacing system revealed no consistent association among evolutionary changes in these three sexually selected traits. Contrasts between a reconstructed solitary and group-living clade showed that a positive contrast in canine dimorphism was associated with the expected positive contrast in testis size (SM in Figure 6 ), whereas the size dimorphism contrast was not (SM in Figure  5 ). Of three contrasts between reconstructed pair-living and group-living dades, the (expected) increase in canine dimorphism was associated with an increase in testis size in only two cases (MP in Figure 6 ); aa increase in size dimorphism at one of these, nodes was associated with a decrease in testis size (MP in Figure 5 ). Finally, the expected positive association between canine and size dimorphism at a node contrasting a solitary and a pair-Irving clade (SP in Figure 7 ) is in strong contrast to three comparisons between pair-living and multi-male 
RESULTS
Strepsirhines display great interspecific variability in testis size
DISCUSSION
Strepsirhine primates included in this sample exhibit interspecific variation in testis size that is partly explained by allo metric effects and closely associated with phylogenetic factors. The presumed intensity of sperm competition also explained Downloaded from https://academic.oup.com/beheco/article-abstract/8/1/10/211450 by guest on 18 December 2018 part of the interspecific variation in testis size, but the initial predictions were only partly supported. The predicted effects of sexual selection were difficult to assess after controlling for phyiogenetic effects because currently possible tests are based on a small number of independent contrasts. Because data on testis size are soil unavailable for the majority of itrepsirhines, future comparative tests will allow for more powerful tests of the association between evolutionary changes in testis size, mating system, and other sexually selected traits. The first part of this discussion therefore focuses on the more traditional analyses of size-independent variation among mating systems. In the second part, I discuss the observed relationship between morphological correlates of pre-and postcopulatory competition and place this relationship in a broader comparative context Convergent evolution of primate testis abe At first glance, the results of this study are not in complete agreement with the predictions of sexual selection theory. As predicted by sperm compeddon theory, males of lemur species where females have the opportunity to mate with several males have relatively larger testes than males of monogamous species. In contrast to these prediction!, however, solitary and multi-male lemurs did not differ in average relative testis size, indicating that either solitary ipedes have larger testes than expected, group-Irving species have smaller testes than expected, or both.
The first possibility would imply that males of at least some solitary species cannot monopolize mating access to several females successfully. Scramble-competition polygyny, where males roam widely in search of receptive females and possibly guard diem temporarily, is one possible mating system for mammals with solitary females that would lead to increased testis size (dutton-Brock, 1989, 1991; Schwagmeyer, 1988). Mating interactions of small, nocturnal mammals are notoriously difficult to observe, but die existence of scramble-competition polygyny is suggested by recent observations of some species (e.g., Daubentonia madagascariensis. Sterling, 1993) , and the results of this study predict it for others (e.g., Mina coquertH). In addition, chemical suppression of reproduction in rivals in a solitary lemur (Microctbus mwrimts), which includes a reduction in body and testis size, as well as a decrease in testosterone levels in subordinates (Perret, 19 §2; Schilling et aL, 1984) , indicates that males in some species have difficulty monopolizing access to receptive females. Thus, spatial polygyny is not die only mating system for the most primitive primates, and more intei specific variation in their spacing and mating systems exist than .previously thought (cf. Bearder, 1987; Clutton-Brock and Harvey, 1977; Crook, 1972) . As a result, the opportunity for sperm competition, and hence selection for increased testis size, is also stronger than expected.
As for die possibility that group-Irving species have smaller testes, there is indeed some evidence to suggest that die intensity of male-male competition in group-living lemurs is reduced through behavioral and/or physiological mechanisms, although diis evidence does not necessarily predict a reduction in die opportunity for sperm competition. First, an even adult sex ratio and die existence of salient affinitve and affiliative bonds between individual males and females suggest that many Vcertda and Eultmur groups may consist of multiple pairs (van Schaik and Kappeler, 1993) . If diese pair bonds confer mating privileges to bonded males (e.g., with respect to die timing of copulations) die intensity of pre-and postcopulatory competition among males within groups may be reduced. Observations of uncontested "quiet copulations" in several species (e.g., K fiilvus: Kappeler PM, personal observation; Propithtcus vemauxc Richard, 1992) provide preliminary support for tile hypothesis that such mating privileges exist.
Second, in other group-living spedes, where such bonds have not been described (e.g., Lemur catta), females copulate with several males, sometimes including members of neighboring groups (Brockman, 1994; Richard, 1985 Richard, , 1992 ; Sautiv er, 1991). Sperm competition is expected to be intense under these conditions. Lemur catta males have die largest relative testes of all strepsirhines and die alpha male is typically die first one to mate with an estrous female, suggesting that mating order may importantly influence mating success. In Propithtcus spp., however, testes are suspiciously small, even though many females may mate with several familiar or strange males. It has been suggested that male reproductive success in this species may be controlled by male behavior toward females, rather than by agonistic interactions among males (Richard, 1992) . But intense and often bloody precopulatory competition among males has also been described (Brockman, 1994; Koyama, 1988; Richard, 1992) , and it is puzzling why these species lack sexual dimorphism. Third, striking differences in testis size among die members of a social group have been documented for some species. Typically, one male has testes several times die size of those of other group members (dander et al., 1992), suggesting that physiological mechanisms of reproductive supression may exist in some group-living species, possibly mediated by chemical signals (see Kappeler, 1990b ). If such intraspecific variation is common, it would tend to lower die average testis size for these species. As most data in this study were taken from males living in different groups, this source of variation cannot be further examined at present.
Finally, the role of female choice in structuring mating patterns in group-living lemurs is largely unexplored. Female dominance should remove many constraints on female choice (Pereira and Weiss, 1991; Richard, 1992), and it U probably closely linked to die evolution of unusual morphological traits in lemurs (Kappeler, 1993b ). Richard (1992) has suggested that mating success of males in female-dominated species is ultimately controlled by females, with different expectations for sexual dimorphism, and presumably also testis size, than in other promiscuous species. Thus, promiscuous species may differ in other fundamental aspects of their mating strategies, resulting in heterogeneity in sexual dimorphism and testis size. This heterogeneity would mask differences between categories.
In summary, postcopulatory competition in lemurs has most likely had the same morphological consequences as in other primates. Discrepancies between observed and expected patterns across spedes are likely due to heterogeneity within categories and possibly to die effects of other mechanisms of sexual selection. It remains to be determined whedier and how odier factors, such as reproductive synchrony, female choice, and chemical suppression, have counteracted die evolution of sexual dimorphism and influenced die evolution of testis size.
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ari ""« ht r between pre-and postcopulatory competition , 1990) . However, this deviation was due to a likely misdassin'cation of one of the two monogamous species in this particular sample. In pinnipeds, sexual dimorphism is, on average, significantly higher in species with scrotal testes than in species with abdominal testes (Freeman, 1990) . Across mamrnaU, taxa with external testes have smaller testes than taxa with internal testes (Freeman, 1990) . In deer, some species that form large breeding parties, such as red deer and reindeer, show both the greatest degree of sexual dimorphism and relatively large testes (Clutton-Brock, 1991; Qutton-Brock et aL, 1982). In contrast, lions have relatively small testes and pronounced sexual dimorphism, but they copulate frequently and promiscuously with females of their pride (Davies and Boersma, 1984; Kenagy and Trombulak, 1986) . Thus, the relationship between mating patterns and the morphological correlates of reproductive competition in nonmonogamous mammals may be more variable than the pattern described for anthropoid primates, but additional comparative studies are clearly needed to clarify this issue.
Similarly, the relationship between sexual dimorphism, testis size, and mating systems in birds is poorly known (Birkhead and Mailer, 1992 (Birkhead and Moller, 1992) in birds, only a few studies have looked at both traits simultaneously. One study of raptors, for example, found that males of species with reversed sexual dimorphism have relatively smaller testes than males of species in which they are the larger sex (Olsen, 1991). It is not known how these differences relate to the breeding tactics of males in these species.
In conclusion, strepsirhine primates exhibit some patterns of interspecific variation and evolutionary change in sexually selected traits that are difficult to evaluate. This difficulty is partly due to the fact that much recent theoretical and empirical research on sexual selection has focused on intersexual selection (e.g., Andersson, 1994; Arnold, 1983 
